Repairing the spinal cord with peripheral nerve grafts (PNG) and adjuvant acidic fibroblast growth factor (FGF1) has previously resulted in partial functional recovery. To aid microsurgical placement of PNGs, a graft holder device was previously developed by our group. In hope for a translational development we now investigate a new biodegradable graft holder device containing PNGs with or without FGF1. Methods: Rats were subjected to a T11 spinal cord resection with subsequent repair using twelve white-to-grey matter oriented PNGs prepositioned in a biodegradable device with or without slow release of FGF1. Animals were evaluated with BBB-score, electrophysiology and immunohistochemistry including anterograde BDA tracing. Results: Motor evoked potentials (MEP) in the lower limb reappeared at 20 weeks after grafting. MEP responses were further improved in the group treated with adjuvant FGF1. Reappearance of MEPs was paralleled by NF-positive fibers and anterogradely traced corticospinal fibers distal to the injury. BBB-scores improved in repaired animals.
Introduction
Spinal cord injury (SCI) remains a major challenge in neuroscience. A number of promising strategies to repair CNS injuries have been presented in recent years and several clinical trials have been or are about to be launched in the near future Kwon et al., 2010; Wu et al., 2011) . Many strategies are focused on optimizing the conditions after acute or subacute spinal cord injury. The aims are mainly to limit secondary reactions, prevention of delayed axonal/neuronal damage, regeneration across the injury, improvement of the local milieu etc (Bunge, 2008; Cadotte and Fehlings, 2010; Schwab et al., 2006) . Recently, new hope was raised for chronic SCI patients when epidural stimulation of the caudal spinal cord in combination with locomotor training resulted in voluntary movements of the lower extremities (Harkema et al., 2011) . The method is thought to utilize previously clinically silent axons crossing the lesion. Potentially, even a complete and chronic SCI with no spared axons may result in voluntary movements of lower extremities if a regeneration strategy is applied in combination with locomotor training and possibly epidural stimulation.
The use of peripheral nerve grafts (PNG) could be a possible strategy to partly regain functions of the injured spinal cord (Alilain et al., 2011; Cote et al., 2011) . Some experiments use PNGs in combination with acidic fibroblast growth factor (FGF1) and practise the strategy of rerouting regenerating fibers in the white matter into adjacent grey matter (Cheng et al., 1996; Lee et al., 2008; Lee et al., 2002; Lee et al., 2004; Tsai et al., 2005) . The rerouting strategy is intended to avoid white matter growth inhibitory compounds such as NOGO and other myelin associated proteins or repelling extracellular matrix components (Chen et al., 2000; Fitch and Silver, 2008; Schwab, 2004) . Experiments presented by Tsai and co-workers favoring this hypothesis showed that longitudinal tracts directed to white or grey matter on the opposite side of a transection gap in the spinal cord prefer growing into grey matter regardless of guidance (Tsai, et al., 2005) .
Meticulous dissection of the PNGs and the adjacent CNS tissue aiming at distinct positioning of PNGs seems to be mandatory in achieving axonal growth. We have in a recent study shown that the precision of the surgical procedure can be improved and easily reproduced using a holder for the PNGs (called device below) (Nordblom et al., 2009) . Insertion of a spinal cord device would require a spinal cord resection in the patient, which theoretically could be performed as a clinical surgical intervention in chronic and complete SCI, provided that no long tract axons are in continuity across the lesion.
Considering a possible translational development, where a device with PNGs is used in combination with FGF1, the patient would likely benefit from a biodegradable device to avoid long-term effects of implanted material in the CNS. Delivery of FGF1 could be carried out through integration in the device. Therefore, we have developed a device made of calcium sulphate, which meets the requirements of biodegradability and slow release of FGF1 (Aberg et al., 2010) . The biological effect of this new device with PNGs is unknown, with or without FGF1.
The aim of the present study was to investigate if i) the new device containing autologous PNGs could result in a motor cortex derived electrophysiological response in the hind limb (MEP), ii) if the addition of FGF1 would improve the MEP response, and iii) motor cortex derived hind limb response was paralleled by motor cortex neuron regeneration across the injury zone.
Materials and methods

The biodegradable graft device
The principles concerning the construction of the graft device using dental cement was recently documented in detail (Nordblom, et al., 2009) . In the present study we use the same procedure, however changing the material from dental cement to calcium sulphate, which is biodegradable. The rationale for using a biodegradable material was based on the idea that non-dissolving artificial material presented to CNS tissue in the long perspective may trigger local immune responses with cyst formations and furthermore act as a substrate for potential bacterial infections that may appear years after surgery.
The ␣-calcium sulphate hemihydrate powder (Bo Ehrlander AB, Gothenburg, Sweden) was mixed with deionized water (liquid/powder ratio 0.35) to a homogenous paste and injected into a small cistern containing plastic wires representing the projections of the later inserted peripheral nerve grafts (PNG). The cistern was vibrated for 90 seconds and left to harden in room temperature for 24 hours. The wires were removed after hardening of the material, creating channels where peripheral nerve grafts could be inserted. Six channels were positioned representing descending motor tracts in the white matter projecting to adjacent grey matter caudally and another six channels represented ascending sensory tracts projecting to adjacent grey matter cranially ( Fig.1a and b ), in accordance with Nordblom and colleagues (Nordblom, et al., 2009) . However in this study we focused only on regeneration in the descending corticospinal fibers. The size of the device measured 3.0 mm in height, 3.0 mm in diameter and contained 12 channels with a diameter of 0.38 mm each (Fig. 1c) . The nanoporous structure of the calcium sulphate permitted loading and a controlled slow release of FGF1 (Aberg, et al., 2010) .
Acidic fibroblast growth factor1 (FGF1)
For growth factor delivery, the device described above was incubated to absorb FGF1 in concentrations of 0.05 mg/ml or 0.5 mg/ml (Protein Sciences, Meriden, CT, US) during three days at +4 • C in a phosphate buffered saline solution (PBS, Sigma Aldrich, St Louis, MO, US), with heparin (concentration 1 : 1 w/w, heparin sodium salt from porcine intestinal mucosa, Sigma Aldrich, St Louis, MO, US). Adding heparin to FGF1 has previously been shown to stabilize and enhance the activity of this growth factor (Aberg, et al., 2010) . The graft device absorbed approximately 10 l of FGF1/heparin fluid, corresponding to a total dose of 0.5 g or 5 g, respectively. Prepared graft devices were stored in -20 • C before surgery.
Surgery
Adult (270-290 g) female Sprague Dawley rats (Scanbur ® , Sollentuna, Sweden) were used in all experiments. All animals (n = 48) were kept in ventilated, humidity-and temperature controlled rooms with 12 hour light per 24-hour cycle and received food pellets and water ad libitum, according to regulations at Karolinska Institutet. All experiments were approved by the Stockholm Animal Ethics Committee. Surgery was carried out as follows: 1) Spinal cord transection and resection (SCI) of 3 mm of the cord at T11 followed by positioning of grafts using the device described above without FGF1 (n = 8), or 2) SCI and grafting using a device with a low dose of absorbed FGF1 (0.5g, n = 8) or a high dose FGF1 (5 g, n = 8). 3) A third group was designed to specifically trace corticospinal axons by injection of BDA in the right motor cortex area. These animals were subjected to SCI and grafting as described above (see group 2, n = 6), or SCI without grafts or FGF1 (n = 6).
Two additional control groups included sham operated animals subjected to laminectomy leaving the spinal cord intact (n = 4) or animals subjected to a SCI as described above, however without grafting and growth factors (n = 8).
The animals were anaesthetized with continuous isoflurane inhalation (2.2-2.7%), and kept warm with a thermostatic heating pad. Heart rate and oxygen saturation was measured in the paw, and the rats were given extra oxygen together with isoflurane to keep saturation above 95%.
A Leica operating microscope was used during the whole procedure. After a dorsal midline skin incision, a laminectomy of the T11 vertebra was performed with high-speed diamond drills (1.0 and 0.5 mm in diameters, Anspach E-Max 2, Palm Beach Gardens, FL, US). The rats were subjected to a 3 mm resection of the spinal cord at vertebra level T11 (neurological level T12), performed with micro scissors in high magnification. For repair, twelve branches from autologous intercostal nerves were harvested and positioned in the channels of the graft device. The nerve stumps were trimmed in high magnification with micro scissors at the entrances and exits of the channels.
The device was positioned in the spinal cord gap ( Fig. 1d ) and an indicator in the midline of the device provided dorso-ventral and cranio-caudal orientation (Fig. 1c) . After adequate placement, the dorsal indicator at the back of the device was gently removed with a small bone rongeur (Fig. 1d ). Muscle and skin were closed in layers. Antibiotics were administered in the drinking water postoperatively (Sulfadoxin 1.14 mg/ml and Trimetoprime 0.23 mg/ml; BorgalVet ® , Intervet International B.V.). Postoperative analgesia was given subcutaneously for three days (Caprofen 5 mg/kg BW × 2 first day, then × 1; Rimadyl ® Vet, Pfizer and Buprenorphine 0.05 mg/BW × 2; Temgesic ® , Schering-Plough). Urinary bladders were emptied manually twice daily.
Functional hind limb tests
Hind limb function was evaluated in all animals by two observers once weekly using the Basso, Beattie and Bresnahan score (BBB) (Basso et al., 1995) .
Electrophysiology
Electrophysiological analysis was performed 20 weeks post surgery using motor evoked potentials (MEPs). Stimulation thresholds were documented (gradual increase of the current until MEPs were registered), as well as latency time (time from stimulation to response). If no MEPs could be triggered, stimulation was interrupted at 30 mA. MEPs from forelimbs as well as hind limbs were registered in all investigated animals.
After intraperitoneal ketamine/medetomidine anaesthesia (Ketalar ® , 75 mg/kg + Dormitor ® , 0.5 mg/kg) the rats were placed in a frame with ear pin holders. A midline skin incision was made to expose the skull bone, which was then drilled to expose the epidural surface of the motor cortex on each side. Medtronic Key Point equipment was used for the electrophysiology (Software version 5.03, Minneapolis, MN, US). The motor cortex was identified using anatomical landmarks and stimulated via a bipolar stimulator probe (Neurosign ® Magstim, UK) placed epidurally on either hemisphere. Recording needles were inserted bilaterally into hamstring muscles and both forearm muscles, with the reference needles inserted into the respective muscle tendon about 1-2 cm distal to the active electrodes. The response in all four extremities were simultaneously recorded after stimulation of the right as well as left motor cortex. Stimulation was given with four pulses, stimulation duration 0.2 ms, interstimulus interval 2 ms, and stimuli were gradually elevated until reproducible responses were recorded. Stimulations were stopped at 30 mA. A subcutaneous needle electrode in the tail root was used for grounding and a band pass filter set to 10-2000 Hz was used.
Every animal that showed positive MEPs in one or both hind limbs was re-lesioned with a complete SCI above level T8. New MEP-recordings were then undertaken to confirm that the previously recorded potentials had been caused by electrical conduction initiated and generated above the T8-level, to exclude that the current had traveled outside the spinal cord to the lower limbs. MEP-recordings from the upper extremities were registered to ensure that stimulation was given correctly also after the re-lesion.
Anterograde tracing
Seven weeks after surgery animals subjected to tracing (group 3, n = 6 + 6) were re-anaesthetized and a midline skin incision was made on the skull. A minor part of the parietal bone was drilled away to expose the right motor cortex. An air pressure controlled micro glass pipette connected to a stereotactic frame was used and, in accordance with the previous electrophysiological identification of the correct neuron pools by positive MEPs to the hind limbs, four shallow injections (approximately 1.2 mm deep) of 0.5 L 10% biotinylated dextran amine (BDA; MW 10000; Molecular Probes, Leiden, The Netherlands) were made into the motor cortex, thus labeling motor cortex neurons projecting to the hind limbs. Three weeks later (10 weeks post grafting) these animals were sacrificed for histology.
Tissue processing
Immediately following the electrophysiology, animals were perfused through intracardiac infusion with body warm isotonic saline (37 • C) and thereafter cold paraformaldehyde (4% w/v). The spinal cords including the lesion areas were removed by meticulous dissection. In half of the rats a 12 mm segment of the spinal cord, with the injury zone placed in the middle, was cut transversely in 1 mm slices in a tissue matrice (Braintree Scientific, MA, US). Of the transverse slices, every second was put in 1.5% glutaraldehyde/4% paraformaldehyde for semithin sectioning (0.5-1 m). Every other transverse slice was postfixed in paraformaldehyde (4% w/v) for two hours, rinsed in phosphate buffer with 17% (w/v) sucrose overnight for subsequent cryostat sections (14 m), and mounted on slides. In the other half of the animals the spinal cords were postfixed in paraformaldehyde (4% w/v) for two hours, rinsed in phosphate buffer with 17% (w/v) sucrose overnight and subsequently 60 m longitudinal free floating cryostat sections were made.
MRI studies
Five animals were used for magnetic resonance imaging at one day or 10 weeks postoperatively. After intraperitoneal ketamine/medetomidine anaesthesia (Ketalar ® , 75 mg/kg + Dormitor ® , 0.5 mg/kg) the rats were subjected to MRI scannings. MRI recordings were performed using a Bruker BioSpec Avance 47/40 spectrometer with a 4.7 T horizontal magnet with a 40 cm bore, used with a flat surface coil of 20 mm diameter. Images were acquired employing rare sequences (Hennig et al., 1986) In animals subjected to cortical injection of the tracer BDA, the 60 m longitudinal free-floating sections were incubated with avidine conjugated to Alexa 488 (Invitrogen, Molecular Probes, Eugen, Oregon, USA, 1 : 100) for four hours at room temperature. Omission of primary or secondary antibodies was used as negative controls.
Semithin sections
The 1 mm transverse slices of the spinal cord of the lesion area were rinsed in phosphate buffer (20 min × 3) and immersed in osmium tetroxide (1%) for two hours, rinsed in phosphate buffer, dehydrated in a graded series of ethanol to acetone, and embedded in agar resin 100. Semithin sections (0.5 m) were cut on an ultrotome, stained with toluidine blue dye (Chroma-Gesellschaft mbh & Co. d-48161 Munster, Germany) and mounted with Pertex ® (Histolab products, Gothenburg, Sweden) and cover glass. The morphological characteristics of the tissue were analyzed with light microscopy (Leica, ×100 magnification, oil immersion).
Results
Macroscopic post-mortem findings
Graft devices were found degraded in all animals at both 10 and 20 weeks post surgery (Fig. 2a) . All individual grafts were fixed to the spinal cord surfaces on both sides at expected projection spots. There were no signs of infection, spine deformities or other unexpected macroscopic findings (Fig. 2a) .
MRI scanning
One animal was investigated with MRI of the spinal cord at one day postoperatively and four rats were investigated 10 weeks postop. The implanted device seemed to be well in place the first post-operative day, projecting an MRI signal describing high water content. At ten weeks postop the device was found to be completely dissolved at dissection. The MRI at 10 weeks postop showed grafts running in the gap between in the divided cord. Furthermore, the MRI did not reveal any signs of cyst formations in the cord or other unexpected pathological findings such as infection or spine deformities (Fig. 2b, c) .
Functional scoring
All animals scored 0 on the BBB scale the first postoperative weeks (Fig. 3) , except from sham animals. From postoperative week 6-20, the repaired animals presented with scores between 0 and 4, with significantly higher scores in repair groups in comparison to controls (p = 0.0001, One Way ANOVA, df = 3, Bonferroni's multiple comparison test). Controls without graft and FGF1 scored 0 the first three weeks and throughout the remaining test period 0-1. Sham operated animals scored 21 points (normal hind limb function), at all BBB sessions (not shown).
Electrophysiology
Motor evoked potentials (MEPs) from the forelimbs were found in all animals with a preserved lateralization, i.e. unilateral motor cortex stimulation resulted in a contralateral response in the leg. MEPs from the hind limbs also presented with a clear lateralization, in some animals only in one leg (unilateral response) and in other animals in both legs (bilateral response). Representative MEP recordings are shown in Fig. 4 .
In animals repaired with nerve grafts but with no adjuvant FGF1, five out of eight animals presented MEPs in hamstrings bilaterally (Fig. 5) after grafting, i.e. significantly improved in comparison to control animals subjected to SCI without grafting (p = 0.031, Fisher's exact test, df = 1). The mean stimulatory threshold was 12.2 ± 1.1 mA and mean latency time was 15.6 ± 2.6 ms. Two animals presented with a unilateral response and one animal failed to trigger potentials at all in the lower extremities.
All animals subjected to grafting and FGF1 treatment presented MEPs in hamstrings bilaterally (Fig. 5) . The electrophysiological responses in this group were significantly improved compared to controls subjected to SCI without grafting (p = 0.001, Fisher's exact test, df = 1), but also better than the group treated with grafting without FGF1 (p = 0.028, Fisher's exact test, df = 1). Stimulatory thresholds with low dose adjuvant FGF1 and high dose FGF1 were 14.3 ± 0.75 mA and 12.3 ± 0.6 mA respectively and the mean latency time 12.3 ± 1.7 ms and 18.5 ± 2.5 ms.
Reproducible MEPs were recorded bilaterally in all four sham cases (n = 4) with stimulation thresholds of 5.0 ± 0.2 mA (mean ± SEM) and latency time of 11.6 ± 1.1 ms (mean ± SEM) (Fig. 4) , which was not significantly different from the repair groups. Bilateral MEP responses could not be induced in any of the 6 investigated animals in the control group (SCI without grafting, Fig. 5 ). However, 2 of these animals showed a MEP response in one leg (stimulatory threshold 13.0 ± 3.0 mA, latency time 11.1 ± 0.75 ms).
Animals that presented MEPs were re-lesioned three segments above the repair zone, which in every case resulted in a complete loss of MEP responses in the hind limbs (Fig. 4) , but preserved MEPs in both arms.
Anterograde tracing
To investigate the possibility of corticospinally derived regeneration through the spinal cord device, six animals were examined for presence of BDA in the spinal cord three weeks after injection into the motor cortex. Animals without grafting (n = 6) were used as controls. In both groups, numerous pyramidal cells presented BDA-IR at the injection site as well as thin, labeled fibers further down in the brain (Fig. 6g) . Furthermore, we found columns with BDA positive fibers in the spinal cord, contralateral to the injection side, above the lesion area, representing uninjured parts of the corticospinal tract (Fig. 6h) .
Numerous BDA-containing fibers below the site of injury was found in all animals treated with grafting and FGF1 in the lower thoracic cord. These fibers were detected more than 3 mm caudal to the injury indicating axonal elongation beyond the site of injury in the following one or two cord segments (Fig. 6i) . BDA fibers were found in both central and peripheral parts Fig. 5 . Bilateral MEP recovery 20 weeks after surgery (mean ± SEM), describing the fraction of animals with both left-and right-sided MEP response after contralateral cortex stimulation. All sham-operated animals showed full MEP responses after 20 weeks. In the repair groups treated with FGF1 (5 g or 0.5 g) and nerve grafts, all (100%) animals showed positive bilateral MEPs, which was significantly better (p = 0.028, Fisher's exact test) than in the repair group not treated with FGF1, where five out of eight (62.5%) animals showed positive bilateral MEPs, which was significantly better than the SCI (0%) control group (p = 0.031, Fisher's exact test). of the caudal cord, which is line with the findings of Tsai and co-workers, who repaired the spinal cord with obliquely projected nerve graft or spinal cord fusion and found BDA traced fibers in both gray and white matter. No BDA was detected in the spinal cord below the lesion in control animals (Fig. 6j) .
Immunocytochemistry
All nerve grafts within the injury zone contained numerous neurofilament (NF)-positive axons at 20 weeks post injury, most likely representing regenerating axons, either ascending or descending (Fig. 6b) . Caudal to the graft area numerous NF labeled axons appeared in the grey matter (Fig. 6c) . These axons had no clear organization and were projected in all directions in a turning and winding manner, resembling sprouting axons. We suggest that these fibers represent regenerating axons in line with the tracing results above, even though neurofilament staining cannot separate between sprouting ascending sensory axons from the transected caudal surface and descending fibers entering the caudal spinal cord. Glial fibrillary acidic protein (GFAP) immunoreactivity (IR) showed scattered astrocytes in all groups in the normal spinal cord or more than 1 mm away from any repair area in the various treatment groups (Fig. 7) . Within the degraded repair area in treatment groups only few astrocytes were found. At the cranial and caudal resection borders in spinal cord resected animals, there was an increased GFAP-IR at study termination regardless of repair strategy, with no obvious difference among the groups.
Semithin sections
Numerous axons were found in all grafts 20 weeks postoperatively ( Fig. 6d-f) . The axons were of varying diameter, with different degree of myelination and were to a large extent found to be arranged in fascicles (Fig 6d-f) .
Discussion
Although several promising regeneration strategies have been presented in recent years (Bunge, 2008; Cadotte and Fehlings, 2010; Cote, et al., 2011; Kwon, et al., 2010; Schwab, et al., 2006) spinal cord injury (SCI) remains a major challenge. One is to establish regeneration across a spinal cord gap by letting the long tracts in the spinal cord climb in peripheral nerve grafts (PNG) and enter permissive gray substance on the other side of the lesion (Cheng, et al., 1996; Cheng et al., 2004; Houle et al., 2006; Lee, et al., 2002; Lee, et al., 2004; Tsai, et al., 2005) . To facilitate the microsurgical positioning of the PNGs, we previously developed a graft holder to facilitate reproducible placement of PNGs (Nordblom, et al., 2009) . If there is a potential clinical application using PNGs, literature suggests that fibroblast growth factor 1 (FGF1) is needed for functional recovery (Cheng, et al., 1996; Lee, et al., 2002; Lee, et al., 2004; Lee et al., 2010; Tsai, et al., 2005) . Therefore, the current investigation evaluated spinal cord repair with PNGs in a newly developed graft holder made of biodegradable calcium sulphate with or without slow release of FGF1.
A complete injury of the spinal cord was made by resection of a thoracic segment (T11) in adult rats followed by the implantation of a device carrying 12 autologous PNGs with or without FGF1. Postmortem findings demonstrated that the device was well degraded and integrated in the spinal cord at 20 weeks after repair and that no apparent reaction toward the material was observed. Further, FGF1 augmented the electrophysiological response if the cord was reconnected with PNGs. According to previous literature, the effect of FGF1 may be attributed to neuroprotection, improved regeneration or local modulation of the spinal cord injury milieu (Giacobini et al., 1991; Guest et al., 1997; Kuo et al., 2011; Lee, et al., 2008; Lee et al., 2011; Tsai et al., 2008) .
We also report that the electrophysiological connection between the motor cortex and hind limb muscles was paralleled by traced corticospinal tract (CST) axons into the caudal spinal cord. This demonstrates the principle that CST axons may enter and exit PNGs in the spinal cord repair in the presence of FGF1, and serves as an additional piece of evidence that the motor cortex is involved in the recovery after spinal cord repair with PNGs. Putative effect of FGF1 purely on CST regeneration was not assessed in the current study. SCI alone showed no CST axons in the caudal cord. The positive MEPs were generated from the same place as the BDA injections were made in the motor cortex. Even though it is likely that the CST fibers conduct some of the signals that give rise to the positive MEPs in this study, other reasonable MEP generating pathways are possible. Such pathways could be polysynaptic circuits through brainstem derived signals or propriospinal axons in the spinal cord traversing the injury zone in the PNG, as well as other long tract terminations in neuron pools in the caudal spinal cord before connecting to the secondary motor neurons targeting hind limb muscles. If CST fibers would terminate directly onto alpha motor neurons to the hamstring muscles (in the rat innervated mainly by the L5 segment) regeneration distance would have to be about 20 mm from the cranial injury zone into the caudal cord (post mortem examination of distance to L5 segment, data not shown).
The MEP response in the hind limb muscles were recorded after increasing stimulation until response was registered or terminated at 30 mA. All positive MEPs disappeared after cord re-transection at the T8 level. During MEP sessions, several stimulations were made with the bipolar electrode on the cortex giving a variation of amplitudes, which is dependent on the amount of depolarized neurons in the cortex (bipolar electrode placement) as well as the muscle cell depolarization around a specific volume around the muscle needle, i.e. needle position dependent. Therefore the MEPs could only be reported as cortex-hind limb contact or not (one or zero response), which is in line with literature on MEPs describing large variations of amplitudes seen in the same subject at different time points depending on stimulation and registration coordinates (Wasserman, 2008) . Thus, it may be misleading to compare MEP amplitudes in the current experimental setting.
There is much data to confirm that PNGs is a successful substrate for regeneration stimulation of the peripheral or central nervous system (Alilain, et al., 2011; Cheng, et al., 1996; Cote, et al., 2011; Richardson et al., 1980) . Therefore the current study only evaluated spinal cord bridging repair strategies based on PNGs in a biodegradable graft holder with two different concentrations of FGF1 or without. Thus, the beneficial effect of FGF1 addition to the graft holder could only be attributed to PNG/FGF1 in combination and not separate the individual contribution from PNG or FGF1 alone.
All grafted animals presented with BBB scores between 0 and 4 from the 6th postoperative week. This was significantly better than injured animals without repair suggesting that a limited functional regeneration had occurred. The reported BBB scores in treated animals are somewhat lower than BBB scores reported by Tsai and coworkers (BBB of 4-5) (Tsai, et al., 2005) or Lee et al. (BBB around 7) (Lee, et al., 2002; Lee, et al., 2004) after spinal cord injury repair with PNGs and FGF1. However, it is difficult to grade repair strategies comparing treatments groups from separate papers, due to possible differences in e.g. origin of rats, care or rehabilitation milieu (Garrison et al., 2011; Lee, et al., 2010) . Functional recovery after CNS injury is also reported to differ depending on rat strain. (Reid et al., 2010) . The current groups of rats suffered from severe contractures and fixed joints, and a possibly emerging BBB increase could have been disguised. They were not subjected to physiotherapy of the joints. Efficiency grading among the various reports may include several pitfalls and is currently omitted.
The current paper suggests that the addition of FGF1 in the biodegradable graft holder improves the electrophysiological response, but is not designed to evaluate the effectiveness of PNGs, since nerve grafts were used in all treatment groups. In the future, there will be interest in separating the impact of the individual components FGF1 and PNGs in spinal cord repair, which was beyond the scope of the present study.
In conclusion, we report a tolerable method to bridge a spinal cord gap with PNGs with high microsurgical precision in a biodegradable device. If FGF1 was added in the calcium sulphate, MEP appearance was more robust than without FGF1. The method was paralleled with a functional improvement and evidence of CST axons traversing the repair area and into the caudal spinal cord. If the method enters a course toward a translational approach, irreversibly and completely devitalized spinal cord tissue would have to be removed, which demands an unambiguous diagnosis of complete spinal cord injury. (Steeves et al., 2010; Zariffa et al., 2010) .
